Canagliflozin is a recently approved drug for use in the treatment of type 2 diabetes. The potential for canagliflozin to cause clinical drug-drug interactions (DDIs) was assessed.
WHAT IS ALREADY KNOWN ABOUT THIS SUBJECT
• Canagliflozin, a sodium-dependent glucose transporter-2 inhibitor, is a recently approved drug for the treatment of patients with type 2 diabetes mellitus.
• The patient population is expected to take canagliflozin along with multiple concomitant medications that are metabolized or transported by common pathways, which may cause metabolic and/or transporter mediated drug-drug interactions (DDIs) of clinical relevance.
• Prescription information and various publications cover key clinical DDI study results.
WHAT THIS STUDY ADDS
• A systematic evaluation of cytochrome P450 (CYP), uridine 5 0 -diphospho-glucuronosyltransferase and transporter (efflux and uptake) DDI potential of canagliflozin as a perpetrator and victim was assessed in vitro, and interpretation of results was reported based on basic predictive approaches recommended by major regulatory guidelines.
• A PBPK model for canagliflozin was developed, and simulated PK in healthy subjects was in agreement with observed PK.
• PBPK DDI simulations with prototypical CYP probe substrates simvastatin (CYP3A4), bupropion (CYP2B6), S-warfarin (CYP2C9) and repaglinide (CYP2C8) did not show interaction with canagliflozin. a selective sodium-dependent glucose transporter-2 (SGLT2, a member of SLC5 family) inhibitor, has been shown to reduce the renal threshold for glucose reabsorption in the kidney, increase urinary glucose excretion, reduce plasma glucose, and promote weight loss in preclinical and clinical studies [4] [5] [6] [7] . Canagliflozin is a recently approved drug that offers a new option for the treatment of patients with type 2 diabetes mellitus. During its development, the metabolism and disposition of canagliflozin were characterized in mice, rats, dogs and humans [8] . In humans, direct glucuronidation of canagliflozin is the primary pathway (accounting for at least 34% of an administered dose as two pharmacologically inactive O-glucuronide conjugates of canagliflozin, M5 and M7) contributing to metabolic clearance with a limited contribution from phase-I metabolism (7.6% of the dose as a pharmacologically inactive hydroxylated metabolite, M9) [8] . In general, susceptibility of the glucuronidation pathway to potential drug interactions is considered low [9] . Evaluation of the drug interaction potential of a new drug is an integral part of risk assessment during drug development and regulatory review, and provides guidance to clinicians and pharmacists.
Tables of Links
To assess interaction potential with coadministered drugs, canagliflozin was tested in a battery of in vitro test preparations containing human liver microsomes or recombinant drug metabolizing enzymes (DMEs), or various cell systems expressing drug transporters. The goal of these studies was to determine whether canagliflozin is an inhibitor or substrate of a given DME (cytochrome P450 [CYP] and uridine 5 0 -diphospho-glucuronosyltransferase [UGT] enzymes) or transporter (uptake transporters: organic anion transporter polypeptide isoforms OATP1B1 and OATP1B3; organic anion transporters OAT1 and OAT3; organic cationic transporters OCT1 and OCT2, efflux transporters: P-glycoprotein [Pgp] , breast cancer resistant protein [BCRP] , and multidrug resistance-associated protein-2 [MRP2]). In addition, DME induction potential of canagliflozin was investigated in primary human hepatocytes. If canagliflozin was determined to be an inhibitor, substrate, or inducer of a given DME or transporter in vitro, further assessment was done using basic models recommended by US Food & Drug Administration (FDA) and European Medicines Agency (EMA) [10, 11] or physiologically-based pharmacokinetic (PBPK) modelling to define the clinical relevance of in vitro findings. Due to lack of industry standardized models, whether canagliflozin was a victim of UGT inhibition or induction was tested in vitro; however, potential for victim-based interaction was discussed based on available clinical pharmacology studies conducted during development.
Materials and methods

Materials
Canagliflozin and 14 C-canagliflozin (>98%) were synthesized at Janssen Research & Development (Spring House, PA, USA or Beerse, Belgium). All other chemicals and reagents were obtained from commercial sources.
Study methods
All study procedures followed sound scientific principles and were conducted according to applicable guidance documents [10] [11] [12] . Assay performance for all test systems was confirmed by conducting experiments with positive control inhibitors/inducers or probe substrates for both metabolic enzymes and transporters. Assay specific details, along with outline of sample analysis and end points measured in enzyme identification (CYP and UGT), inhibition (CYP reversible and time-dependent [TDI]; UGT), and induction (CYP) studies, are presented in Table S1 . Information on positive control inducers and inhibitors, marker substrates, and metabolites that were used in these assays are listed in Table S2 . All incubations were conducted at 37°C. In enzyme identification studies, canagliflozin metabolism was examined in individual CYP or UGT enzymes under defined conditions (Table S1) , and metabolite formation rate was calculated. In CYP and UGT inhibition studies, canagliflozin inhibition potential was examined over a range of concentrations (0-100 μmol l -1 ), and inhibition of probe substrate metabolism was assessed. If applicable, IC 50 was determined in both CYP and UGT inhibition studies. In a CYP induction study, canagliflozin induction of CYPs was expressed as fold-increase in activity compared to solvent control and % induction of the respective positive control inducer. Similarly, assay specific details for efflux (Pgp, MRP2, BCRP) and uptake (OATP1B1, OATP1B3, OCT1, OCT2, OAT1, OAT3) transporter studies to investigate whether canagliflozin is a substrate or inhibitor are presented in Table S3 . Information on positive control transporter inhibitors and probe substrates used in the assays are listed in Table S4 . To test whether canagliflozin was a substrate in efflux transporters, transport (apparent permeability expressed as P app = cm s -1 × 10 À7 or 10 À6 ) of 14 C-canagliflozin was measured bidirectionally (basolateral to apical [B-A and A-B]), in triplicate, and the efflux ratio (B-A/A-B) was calculated from the mean P app values across the overexpressed transporter systems. If the efflux ratio was >2, the compound was considered to be a substrate of the efflux transporter. To test whether canagliflozin was an inhibitor of the efflux transporter, the % change in efflux ratio of 14 C-labelled protypical substrates in the absence or presence of canagliflozin (0-100 μmol l -1 ) was determined. If applicable, IC 50 was calculated for each efflux transporter. Uptake studies were conducted in transporter injected Xenopus laevis oocytes (human OAT1, OAT3, OATP1B1, OCT1, or OCT2).
14 C-canagliflozin was measured in transporter-injected and water-injected (control) oocytes (n = 10 oocytes per experiment), and the mean uptake activity was expressed as pmol/oocyte h -1 . If the ratio of the mean substrate uptake activity in the transporter-injected to control oocytes was >2, the compound was considered to be a substrate of the transporter. In inhibition assays, reduction in uptake of probe substrate was measured with and without canagliflozin at a single probe concentration (100 μmol l -1 ), and IC 50 values were determined when >50% inhibition was observed. Due to unavailability of an OATP1B3 oocyte expressed system, uptake transporter, substrate and inhibition studies were conducted in HEK293 cells expressing OATP1B3.
Data analysis
In vitro predictive models. Where applicable, inhibition constants (Ki) for canagliflozin were calculated from the IC 50 value derived from the inhibition assay with an assumption of competitive inhibition (Ki = IC 50 /2). For prediction of DME (CYP or UGT) or transporter inhibition based interactions, basic models that are recommended by USFDA [10] and EMA [11] were used to assess the potential of in vivo interaction. Relevant equations and calculation of r values for the assessment of DDI from the DDI guidance documents [10, 11] [13] .
Percentage UD available for reabsorption 0% No evidence of enterohepatic recirculation [4] Renal clearance (ClR) 0 l h
In human mass balance study <1% of the dose was excreted in urine as unchanged [8] Ki for CYP2B6, CYP3A4, CYP2C8, CYP2C9 8, 13.5,37.5, 40 μmol l
CYP inhibition experiments in human liver microsomes (data from 
Results
CYP enzyme phenotyping
Among the 10 recombinant CYP isoforms investigated, CYP3A4 modestly metabolized canagliflozin to form an oxidative metabolite M9, as indicated by~39% of the sample radioactivity. A low amount of M9 was formed by CYP2D6 and CYP2C9 isoforms with sample radioactivity of 3.8% and 1.4%, respectively. These results suggest that CYP3A4 and to a lesser extent CYP2D6 and CYP2C9 may contribute to the oxidative metabolism of canagliflozin. The calculated rate of metabolism for these 3 isoforms is presented in Table 3 .
UGTenzyme phenotyping
Twelve recombinant human UGT isoforms (Supersomes UGT1A1, UGT1A3, UGT1A4, UGT1A6, UGT1A7, UGT1A8, UGT1A9, UGT1A10, UGT2B4, UGT2B7, UGT2B15, UGT2B17) were used to determine the UGTs involved in the formation of two major circulating glucuronide conjugates of canagliflozin (M5, M7). The calculated metabolism rate at 2 h by various isoforms is presented in Table 3 . M7 was mainly formed with UGT1A9, and M5 with UGT2B4. The amount of M5 formed was small (0.51%). A significant amount of M7 was formed in UGT1A9, with~16% and 25% conversion of canagliflozin to M7 after incubation for 1 and 2 h, respectively. An insignificant amount (<0.5%) of canagliflozin was converted to M7 in UGT1A3, 1A6, 1A7, and 1A8 isoforms. These isoforms were considered to have a minimal role in the metabolism of canagliflozin.
In vitro CYP inhibition
Inhibition potential of CYP by canagliflozin for a panel of 10 CYP isoforms (1A2, 2A6, 2B6, 2C8, 2C9, 2C19, 2D6, 2E1, 3A4/5) was assessed in human liver microsomes, and the results are shown in Table 4 Table 2 Simulation trial design to evaluate clinical drug-drug interaction (DDI) cytochrome P450 (CYP) inhibition of canagliflozin
Trial description and purpose Study design outline of simulation trials
Simulation of canagliflozin pharmacokinetics after single oral administration of 300 mg canagliflozin to healthy subjects. Purpose is to verify the performance of PBPK model
Ten trials of nine virtual male healthy subjects were simulated with a body weight between 62 and 94 kg to match the population of a clinical study in healthy subjects [13] . Covariates of weight, age and sex were taken into consideration.
Simulation of DDI between 300 mg oral canagliflozin and a single dose of 40 mg simvastatin (CYP3A4 substrate)
Trial design consisted of 10 trials of 10 virtual healthy subjects who received an oral dose of 40 mg simvastatin with or without canagliflozin 300 mg QD. Simvastain was dosed without canagliflozin on day 1. Canagliflozin was dosed once daily from day 2 to day 7. One dose of 40 mg simvastatin was coadministered with canagliflozin on day 7. Simulated pharmacokinetic profiles were obtained for simvastatin with and without canagliflozin.
Simulation of DDI between 300 mg oral canagliflozin and a single dose of 15 mg S-warfarin (CYP2C9 substrate)
Trial design consisted of 2 trials of 10 virtual healthy subjects who received an oral dose of 15 mg S-warfarin with or without canagliflozin 300 mg QD. S-warfarin was dosed without canagliflozin on day 1. Canagliflozin was dosed once daily from day 2 to day 12. One dose of 15 mg S-warfarin was coadministered with canagliflozin on day 12. Simulated pharmacokinetic profiles were obtained for S-warfarin with and without canagliflozin.
Simulation of DDI between 300 mg oral canagliflozin and a single dose of 150 mg bupropion (CYP2B6 substrate)
Trial design consisted of 10 trials of 10 virtual healthy subjects who received an oral dose of 150 mg with or without canagliflozin 300 mg QD. Bupropion was dosed without canagliflozin on day 1. Canagliflozin was dosed once daily from day 2 to day 6. One dose of 150 mg bupropion was coadministered with canagliflozin on day 6. Simulated pharmacokinetic profiles were obtained for bupropion with and without canagliflozin.
Simulation of DDI between 300 mg oral canagliflozin and a single dose of 0.25 mg repaglinide (CYP2C8 substrate)
Trial design consisted of 10 trials of 10 virtual healthy subjects who received an oral dose of 0.25 mg with or without canagliflozin 300 mg QD.
Repaglinide was dosed without canagliflozin on day 1. Canagliflozin was dosed once daily from day 2 to day 6. One dose of 0.25 mg repaglinide was coadministered with canagliflozin on day 6. Simulated pharmacokinetic profiles were obtained for repaglinide with and without canagliflozin.
PBPK, physiologically-based pharmacokinetic; QD, once daily positive control inhibitors for both reversible and TDI of CYPs showed expected inhibition in the respective assays. Based on the above in vitro assessment, DDI potential for canagliflozin was evaluated by basic models suggested by FDA [10] and EMA [11] for four CYPs (3A4, 2B6, 2C9, and 2C8; Table 5 ). Based on the FDA approach, r values for all four CYPs were >1.1, indicating potential for CYP inhibitionmediated DDIs for these CYPs. However, based on the EMA approach, r values indicated that interaction potential of canagliflozin with all four CYPs can be excluded (see PBPK section for further assessment).
CYP induction
Induction potential of canagliflozin (3, 15, 75 μmol l -1 ) was evaluated in human hepatocytes from three separate donors, and the results are shown in Table 6 . Positive control inducers showed expected increases in CYP1A2, 2B6 and 3A4 activities. Due to observed cytotoxicity, CYP induction of canagliflozin at 75 μmol l -1 could not be assessed. At 3 and 15 μmol l -1 , there was no significant increase in CYP activity higher than 20% of the respective positive control inducer or higher than two-fold the activity of the solvent control, indicating that canagliflozin was not an inducer of these CYPs within the tested concentration range.
UGT inhibition
UGT inhibition results are shown in (100 μmol l -1 ) tested. Both positive controls (troglitazone and probenecid) showed expected inhibition of the UGT isoforms in vitro. DDI potential for canagliflozin was evaluated by basic prediction models recommended by FDA [10] and EMA [11] for two UGT isoforms (1A1, 1A6), and the r and Ki values are presented in Table 5 . The r values based on the FDA approach were higher than Ki values, indicating potential for UGT inhibition-mediated DDI for both UGTs. However, based on the EMA approach, interaction potential for canagliflozin was excluded.
Substrate activity and inhibition potential of efflux transporters
The efflux ratios (B-A/A-B) were calculated for Pgp, MRP2 and BCRP, and the results are presented in Figure 1 . Digoxin, etoposide and topotecan, which are prototypical substrates for human Pgp, MRP2 and BCRP, showed expected efflux ratios of 26, 7.9 and 5, respectively. The efflux ratios for canagliflozin were >2 for all three efflux transporters (Pgp, 11.6; MRP2, 6.5; BCRP, 12.5). In the presence of respective positive control inhibitors (cyclosporine, cisplatin, KO143), the efflux ratios for canagliflozin were <2, which indicates that canagliflozin is a substrate of all three efflux transporters in vitro.
Using prototypical substrates, the potential of canagliflozin to inhibit these efflux transporters was evaluated. Results are shown in Table 7 Table 6 In vitro evaluation of cytochrome P450 (CYP) induction potential in human hepatocytes The uptake ratios (transporter-injected oocyte/solventinjected oocyte) were calculated in each of these systems and the results are presented in Figure 1 . The prototypical tritiated substrates of OATP1B1 and OAT3 (estrone 3-sulfate), OAT1 (para-aminohippuric acid), and OCT1 and OCT2 (tetraethylammonium bromide) showed uptake ratios of 20, 18, 59, 5 and 44, respectively. In the presence of transporter specific positive control inhibitors, uptake ratios for all prototypical substrates were <2, confirming active transport occurred in the system. In contrast, uptake ratios for canagliflozin were <2 for all uptake transporters tested in the oocyte injected models, indicating that canagliflozin is not a substrate of these uptake transporters. Due to unavailability of oocyte models for OATP1B3, canagliflozin was tested in HEK293 cells stably transfected with OATP1B3. The uptake ratio (transfected cells versus non-transfected control cells) of [ 3 H]estradiol-17-β-glucuronide, a prototypical substrate of OATP1B3, was 3.2, and uptake was inhibited by rifampicin (positive control inhibitor). For canagliflozin, the uptake ratio was <2 and unaffected by rifampicin, indicating that canagliflozin is not a substrate of OATP1B3. Using prototypical substrates, the potential of canagliflozin to inhibit the above six human uptake transporters was evaluated. The inhibition of uptake for OATP1B1, OATP1B3, OAT1, OAT3, OCT1 and OCT2 at 100 μmol l -1 canagliflozin concentration is shown in Table 7 . Although no transporter reached 50% inhibition in vitro, one hepatic (OATP1B3) and one renal (OCT2) transporter that showed Figure 1 In vitro evaluation of canagliflozin as a substrate of human uptake and efflux transporters. *Transporter ratio for the efflux transporters (P-glycoprotein [Pgp], multidrug resistance-associated protein-2 [MRP2], breast cancer resistant protein [BCRP] ) is based on the permeability of canagliflozin from A-B/B-A. For the uptake transporters (organic anion transporter polypeptide isoforms OAT1B1, OATP1B3, organic anion transporters OAT1 and OAT3, and organic cationic transporters OCT1 and OCT2) transporter ratio is based on the uptake of canagliflozin in transporter containing system to control (water injected oocyte system or parental HEK293 line). **Ratio in presence of specific transport inhibitor (1 μmol l Table 7 In vitro evaluation of canagliflozin as an inhibitor of human efflux and uptake transporters highest inhibition was selected to assess in vivo inhibition potential of canagliflozin. The R values calculated for OCT2 and OATP1B3 [10, 11] shown in Table 8 indicate that an in vivo uptake transporter inhibition was not expected with canagliflozin.
PBPK simulations: canagliflozin PK model performance verification
PK parameters and concentration-time plots of the observed and simulated data for canagliflozin 300 mg are presented in Table 9 and Figure 2A . Visual predictive checks as well as the AUC simulated/AUC observed and C max simulated/C max observed ratios suggest that, in general, the models effectively simulated the observed canagliflozin PK parameters within 33%. The average (AE SD) simulated oral plasma clearance for canagliflozin was 15.0 AE 5.7 l h -1 and the observed average oral clearance based on nine subjects was 17.3 AE 3.54 l h -1 .
The simulated canagliflozin PK were dose linear between 100 and 300 mg QD dosing after single and repeated oral administration ( Figure 2B ), and the results are consistent with the observed data [4] . There were no meaningful differences in the model performance and outcomes of canagliflozin PBPK DDI simulations between Simcyp versions 10, 11 and 15.
DDI simulations between canagliflozin and clinical CYP probe substrates
The simulated mean plasma concentration profiles of simvastatin (CYP3A probe), S-warfarin (CYP2C9 probe), bupropion (CYP2B6 probe) and repaglinide (CYP2C8 probe) in virtual Caucasian healthy subjects administered each clinical probe alone or with repeated-dose administration of canagliflozin are shown in Figures 3-6 . The simulated PK parameters of Table 8 Evaluation of transporter inhibition potential for canagliflozin using basic approaches Table 9 Simulated and observed canagliflozin oral pharmacokinetics parameters after a single 300 mg dose in healthy human subjects Simulated (90 subjects)(9 subjects/trial, 10 trials) Observed (9 subjects) [10] AUC 0-48h (ng h ml each clinical probe substrate with and without canagliflozin are shown in Table 10 . The ratios of simulated average C max and AUC for all clinical probe substrates (simvastatin, S-warfarin, bupropion or repaglinide) with and without canagliflozin administration were 1.00-1.13, suggesting that canagliflozin would not be a clinically relevant inhibitor of CYP3A, 2B6, 2C8, or 2C9.
Discussion
The evaluation of drug interaction potential of a new drug is an integral part of risk assessment during drug development and regulatory review, and provides guidance to clinicians. In general, the main mechanisms of drug interactions involve DME (CYP, UGT enzymes), as well as efflux and uptake drug transporters. It is important to understand the interaction potential of a new drug with medications that are likely to be coadministered to patients. Here we present an integrated assessment of DDI potential of canagliflozin, a drug recently approved for the treatment of type 2 diabetes. A three-tier approach (i.e., in vitro studies coupled with basic models and PBPK simulations) was adopted in the DDI assessment of canagliflozin as a perpetrator of inhibition based interactions. Initially, standardized in vitro assays were used to examine whether canagliflozin was a substrate or an Figure 2 (A) Overlay plot of simulated mean (and 5th and 95th percentile) and observed canagliflozin pharmacokinetics following a single oral dose of 300 mg to nine healthy subjects. (B) Simulated pharmacokinetic profiles of canagliflozin following repeated oral administration of 100 and 300 mg to healthy subjects for 6 days Figure 3 Simulated and observed average plasma concentration time profile for a single 40 mg oral dose of simvastatin with and without 300 mg canagliflozin once daily in healthy subjects Figure 4 Simulated average plasma concentration time profile for a single 15 mg oral dose of S-warfarin with and without 300 mg once daily canagliflozin in healthy subjects compared with observed plasma concentration time profile for a single 30 mg oral dose of warfarin (which contained 50% S-warfarin) with and without 300 mg once daily canagliflozin in healthy subjects inhibitor of a given DME or transporter. If identified as an inhibitor in the in vitro assay, basic predictive models that are recommended by health authorities (FDA, EMA) were used to further assess the likelihood of interaction. If basic model(s) suggested drug interaction potential, then where applicable, either PBPK DDI models or clinical DDI studies were used to confirm the likelihood of a clinically relevant drug interaction.
In the radiolabelled human mass balance-metabolism study, a single oxidative metabolite (M9) was identified as present in circulation at <10% of the drug-related species, suggesting that it is a minor circulating metabolite [8] . In the CYP phenotyping study, the relative rate of M9 formation by the 3A4 isoform was~29 times higher than 2C9 and~14 times higher than 2D6, suggesting that 3A4 may be primarily involved in the formation of M9 from canagliflozin. However, the role of CYP3A4 metabolism was considered minimal based on limited contribution in overall disposition of canagliflozin (~7.6% of the administered oral dose).
CYP inhibition studies in human liver microsomes revealed a weak to moderate inhibition of CYP2B6, 2C8, 2C9 and 3A4. Further assessment of DDI potential using two basic models [10, 11] gave conflicting results on likelihood of in vivo interaction. Hence, DDI risk was further assessed by PBPK simulations.
To enable PBPK DDI simulation, first a PBPK model was developed for canagliflozin in virtual healthy human subjects. Model performance was verified by comparing the simulated PK profile of canagliflozin at 300 mg QD (maximum clinical dose) with observed clinical PK data [4] . Overall, the simulated C max , AUC, oral clearance (CL/F), and T max and interindividual variability in PK were comparable to the observed values (Table 9) .
Using the verified canagliflozin PBPK model, DDI CYP inhibition simulation trials were conducted with model substrates of CYP3A4 (simvastatin), CYP2C9 (S-warfarin), CYP2B6 (bupropion) and CYP2C8 (repaglinide) that are available within the SIMCYP compound library (v11.1). Simulated profiles for all four probe substrates were comparable to the profiles obtained in the presence of canagliflozin (300 mg QD), suggesting that clinical interaction with CYP3A4, CYP2C9, CYP2B6 or CYP2C8 substrates was excluded. Later, lack of clinical interaction was confirmed in clinical DDI studies with simvastatin and S-warfarin [15, 16] . Since there was good agreement of results from DDI simulations to clinical DDI studies for CYP3A4 (simvastatin) and CYP2C9 (S-warfarin), DDI simulation results for CYP2B6 and CYP2C8 were considered sufficient to confirm the lack of interaction and these results were accepted by health authorities to register the product. No further clinical DDI studies were conducted for CYP2B6 and 2C8.
As shown in the simulated PK of canagliflozin, the predicted mean T max was achieved at 1.30 h, slightly earlier than the observed mean T max (1.89 h). To investigate the impact of the predicted T max on DDI simulations, simulations were repeated with a modified dosing regimen where canagliflozin was dosed 0.6 h later than the comedication (substrate) to mimic a scenario of achieving a canagliflozin T max at 1.89 h after dosing of the comedication. DDI simulation outcomes under the modified scenario were similar to predicted T max (1.30 h) for the clinical probe substrates (bupropion, S-warfarin, repaglinide or simvastatin) vs canagliflozin. Therefore simulations under this modified scenario were not presented in the manuscript. Based on this work it can be concluded that the identified differences between predicted T max versus observed T max did not have an impact on the predicted extent of DDI with bupropion and repaglinide as substrates.
Canagliflozin did not show induction of CYP3A4, 2B6 or 1A2 up to maximum feasible concentrations (15 μmol l -1 ) in human hepatocytes in vitro. Further, there was no evidence of CYP induction in clinical DDI studies on simvastatin [15] , glyburide [15] , S-warfarin [16] , ethinylestradiol [16] and paracetamol [17] . Based on the body of evidence from the in vitro Figure 5 Simulated average plasma concentration time profile for a single 150 mg oral dose of buproprion with and without 300 mg once daily canagliflozin in healthy subjects
Figure 6
Simulated average plasma concentration time profile for a single 0.25 mg oral dose of repaglinide with and without 300 mg canagliflozin once daily in healthy subjects human hepatocyte induction study and several clinical DDI studies, clinically meaningful induction-related DDI by canagliflozin was excluded.
Based on a human mass balance-metabolism study [8] and canagliflozin metabolism in recombinant UGT systems, it appears that UGTs 1A9 and 2B6 are involved in the (Table 5) gave conflicting results regarding likelihood of in vivo interaction. Review of existing clinical pharmacology studies performed during development indicated that there was no effect of canagliflozin (300 mg dose) on the PK of paracetamol (~1000 mg dose), a substrate of UGT1A1, UGT1A6 and UGT1A9 enzymes in healthy subjects [17] . It is noteworthy that glucuronidation by these enzymes is the primary route of paracetamol clearance, accounting for 57% of the administered dose [18, 19] . Although paracetamol is not an ideal clinical probe substrate for UGT1A6, no interaction of canagliflozin on the PK of paracetamol provides general evidence for lack of significant inhibition of the UGTs. Overall, in vitro and in vivo DDI results suggest that canagliflozin has a low potential to cause drug interactions via inhibition of UGTs.
No in vitro studies were conducted to test the effect of other drugs on canagliflozin metabolism by UGTs; however, clinical DDI studies with probenecid (clinical probe inhibitor for multiple UGTs) and rifampicin (clinical probe inducer of DMEs) were conducted later in the development program. In the probenecid-canagliflozin clinical DDI study [20] , canagliflozin C max and AUC were marginally increased (↑13%, ↑21%) in the presence of probenecid. The metabolite (M5 or M7) to parent ratios for C max and AUC in canagliflozin plus probenecid group were 10-20% higher than in the canagliflozin alone group, indicating that there was no clinically meaningful interaction observed with probenecid. In the rifampicin-canagliflozin clinical DDI study [20] , canagliflozin C max and AUC were significantly decreased (↓28%, ↓51%) in the presence of rifampicin. The glucuronide metabolite (M5 or M7) to parent ratios for C max and AUC in canagliflozin plus rifampicin group were 1.4× to 2.2× higher than in the canagliflozin alone group, indicating that there was a clinically significant interaction with rifampicin. Based on the clinical DDI study, coadministration of canagliflozin with broad inducers such as rifampicin (e.g., phenytoin, barbiturates, phenobarbital, ritonavir, carbamazepine, efavirenz and St Johnˈs wort [Hypericum perforatum]) may warrant a dose increase adjustment. It is recommended that, for patients who are receiving canagliflozin 100 mg QD, glycosylated haemoglobin should be monitored and, if additional glycaemic control is needed, an increase in the canagliflozin dose to 300 mg QD should be considered [20] . For patients receiving the 300 mg QD dose, a 50% reduction in canagliflozin exposure is still predicted to provide plasma exposures and glycosylated haemoglobin-lowering efficacy that is slightly greater than those in patients receiving 100 mg QD canagliflozin [7, 20, 21] .
In studies with uptake transporters, a maximum % inhibition (44%) was observed with OCT2 at 100 μmol l -1 of canagliflozin. Based on basic predictive models (Table 8) , in vivo inhibition of OCT2 at the renal level was excluded. Further, in a clinical DDI study with metformin 2000 mg QD dose (a substrate of OCT2, mainly cleared by the renal route in humans), metformin renal clearance was similar for metformin alone and in combination with canagliflozin 300 mg QD, indicating no clinically relevant inhibition of OCT2 or multidrug and toxin extrusion protein 1 transporters [15] . For OATP1B3, 32.6% inhibition was observed at 100 μmol l -1 ; however, the relevance to potential inhibition in vivo was excluded based on the basic predictive models (Table 8) . No meaningful inhibition was observed for the other uptake transporters (i.e., OATP1B1, OCT1, OAT1 and OAT3) at 100 μmol l -1 ; therefore, the potential for in vivo inhibition of these transporters by canagliflozin was excluded. Canagliflozin was not a substrate of any uptake transporters investigated in vitro, suggesting that victim interactions based on uptake transporters can be excluded for canagliflozin. Canagliflozin was found to be a substrate of Pgp, MRP2 and BCRP transporters in vitro. Based on limited excretion of unchanged drug in urine and bile in preclinical species and humans [8, 13] , it appears that efflux transporters are less likely to play a significant role in the disposition of canagliflozin. Further, a lack of clinically meaningful interaction with cyclosporine indicated that canagliflozin is less likely to be a candidate for victim-based DDIs with efflux transporter inhibitors [21] . In published DDI studies, cyclosporine was shown to effectively inhibit biliary excretion of irinotecan (a substrate of MRP2, Pgp and BCRP) and increase systemic concentrations of irinotecan [22, 23] , suggesting that cyclosporine was a suitable clinical probe inhibitor to study efflux transporter DDIs.
In inhibition assays, canagliflozin was shown to be an in vitro inhibitor of Pgp and MRP2 but not BCRP. Based on recommended basic predictive models (Table 8) , a theoretical possibility exists for canagliflozin to inhibit MRP2 and Pgp at the intestinal level in vivo at the highest recommended clinical dose (300 mg). However, a lack of interaction in the clinical Pgp DDI study with digoxin [16] indicates that canagliflozin is not likely to cause clinically relevant drug interactions for Pgp substrates. Recently, Lin et al. [24] summarized the efflux transporter properties of 63 marketed drugs in the Caco-2 cell system. It was noted that most of these drugs are substrates of Pgp and have overlapping substrate specificity for Pgp and at least one or two other efflux transporters. In addition, there were no published reports of well characterized MRP2 intestinal inhibition in clinical DDI studies. Furthermore, studies in knock-out animals showed a limited role of MRP2 in intestinal absorption of different drugs compared to Pgp [25] [26] [27] . For paclitaxel (substrate of mouse Pgp and mrp2 and human Pgp and MRP2), oral bioavailability was 8.5-fold higher in Pgp knock-out (mdr1 a/b (À/À)) mice compared to the wild-type mice, whereas there was no change observed in bioavailability of paclitaxel between mrp2(À/À) and wild-type mice [25] , suggesting a limited role of MRP2 at the intestinal level. Thus, clinically relevant interaction due to MRP2 inhibition at the intestinal level was considered unlikely. The potential for in vivo inhibition at the systemic level (kidney or liver) was evaluated based on basic predictive regulatory models (Table 8) , and the results indicated that the inhibition of efflux transporters at systemic level by canagliflozin can be excluded in vivo.
From the perspective of DDI assessment, in vitro studies followed by application of basic predictive model was useful in new drug development. There were some differences in predictive approaches recommended by FDA vs. EMA. For canagliflozin, the EMA basic model predicted less potential for an in vivo interaction with CYPs and UGTs, whereas the FDA approach predicted an interaction potential for both enzyme systems. However, there was good agreement in the transporter DDI assessment results between EMA and FDA predictive basic models for canagliflozin. Internationally harmonized basic predictive models for both enzyme-and transporter-based interactions might be beneficial to the industry for DDI assessment before proceeding to mechanistic static or advanced PBPK simulations. Lack of relevant in vivo inhibition of CYPs by canagliflozin was confirmed by PBPK simulations.
In conclusion, an integrated assessment of drug interaction potential of canagliflozin with metabolic enzymes and transporters was successfully performed using in vitro DDI studies, scientific criteria provided by major regulatory authorities, and PBPK simulations together with available clinical DDI studies that were done during development.
In vitro predictive models and PBPK DDI simulations were useful tools in drug development and most of the positive DDI in vitro results for canagliflozin were addressed by in vitro predictive models or PBPK DDI simulations without conducting clinical DDI studies. Based on overall assessment, it was concluded that canagliflozin is neither a perpetrator nor victim of clinically meaningful drug interactions, except when coadministered with UGT inducers such as rifampicin.
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